clk-1 has been identified and characterized in the nematode Caenorhabditis elegans as a gene that affects the rates, regularity, and synchrony of physiological processes. The CLK-1 protein is mitochondrial and is required for ubiquinone biosynthesis in yeast and in worms, but its biochemical function remains unclear. We have studied the expression of murine mclk1 in a variety of tissues, and we find that the pattern of mclk1 mRNA accumulation closely resembles that of mitochondrial genes involved in oxidative phosphorylation. The pattern of protein accumulation, however, is sharply distinct in some tissues; mCLK1 appears relatively enriched in the gut and depleted in the nervous tissue. We also show that mCLK1 is synthesized as a preprotein that is imported into the mitochondrial matrix, where a leader sequence is cleaved off and the protein becomes loosely associated with the inner membrane. However, in contrast to all known mitochondrial proteins that contain a cleavable pre-sequence, the import of mCLK1 does not require a mitochondrial membrane potential.
clk-1 has been identified and characterized in the nematode Caenorhabditis elegans as a gene that affects the rates, regularity, and synchrony of physiological processes. The CLK-1 protein is mitochondrial and is required for ubiquinone biosynthesis in yeast and in worms, but its biochemical function remains unclear. We have studied the expression of murine mclk1 in a variety of tissues, and we find that the pattern of mclk1 mRNA accumulation closely resembles that of mitochondrial genes involved in oxidative phosphorylation. The pattern of protein accumulation, however, is sharply distinct in some tissues; mCLK1 appears relatively enriched in the gut and depleted in the nervous tissue. We also show that mCLK1 is synthesized as a preprotein that is imported into the mitochondrial matrix, where a leader sequence is cleaved off and the protein becomes loosely associated with the inner membrane. However, in contrast to all known mitochondrial proteins that contain a cleavable pre-sequence, the import of mCLK1 does not require a mitochondrial membrane potential.
Caenorhabditis elegans is the animal model that has been most extensively used to identify and study mutants with increased life span (1, 2) . As the normal action of genes that have been identified in this organism limits life span in the wild type, studying these genes may help to understand the mechanisms that determine aging. Mutations in the clk genes result in the complex deregulation of the timing of a number of physiological features (3, 4) . In clk-1 mutants, the affected features include the cell cycle, embryonic and post-embryonic development, rhythmic behaviors, reproduction, and life span, all of which are lengthened or slowed down on average (5) . Most of these features, however, including those measured in adults such as behavior and life span, appear phenotypically wild type when a homozygous mutant animal is derived from a mother carrying a wild type allele. This maternal rescue is surprising given that adults are up to 1000 times larger than the egg, and it has been suggested that the clk genes could induce an epigenetic state during early development that is maintained throughout the life of the animal (6) .
C. elegans clk-1 encodes a protein of 187 residues that is highly conserved among eukaryotes, including Saccharomyces cerevisiae and vertebrates (7) . In addition, a highly similar protein is also found in ␣-proteobacteria and related forms, which are believed to be the closest living relatives of mitochondria (2, 8) . Mutants of the yeast homologue of clk-1 were independently isolated as cat5 (9) and coq7 (10) . The CAT5/COQ7 gene is required for the synthesis of ubiquinone (coenzyme Q), a lipid molecule that transports electrons in the respiratory chain of both prokaryotes and eukaryotes (11) . Mutations in this gene also affect catabolite repression and de-repression, the complex genetic system that regulates the utilization of sugars, most of metabolism, as well as mitochondrial and peroxisomal biogenesis (12) . The effect of coq7 on catabolite regulation has, however, been interpreted as resulting indirectly from the absence of ubiquinone (11) . As coq7 mutants do not respire, they cannot grow on non-fermentable carbon sources. This phenotype in yeast can be complemented by both the rat (13) and worm (7) genes, indicating that, although the exact biochemical activity of CLK-1/Coq7p remains elusive, the function of these proteins is evolutionarily conserved. Ubiquinone biosynthesis is also affected in clk-1 mutant worms (14, 15) . We found a complete absence of ubiquinone in the mitochondria of all clk-1 mutants. Instead, these animals accumulate a biosynthetic intermediate of ubiquinone biosynthesis, demethoxyubiquinone (DMQ). 1 Furthermore, we found that DMQ is capable of functionally replacing ubiquinone as a mobile electron carrier in the respiratory chain. These findings explain previous observations that the maximal activities of mitochondrial respiratory chain enzymes assayed in intact mitochondria isolated from clk-1 mutants are not significantly affected and that ATP levels are normal (16, 17) . Interestingly, there are no differences between the three clk-1 alleles (e2519, qm30, and qm51) in terms of their ubiquinone phenotype; no ubiquinone is detected, and they accumulated similar levels of DMQ (14, 15) . However, the physiological phenotypes associated with e2519 in living worms are much milder than those of the two null alleles, qm30 and qm51 (5) . This suggests that the absence of ubiquinone is not the primary cause of the phenotypes observed in living worms. The exact biochemical activity of CLK-1 and the mechanisms by which it affects ubiquinone biosynthesis and physiological rates in worms remain unknown.
Here we have studied the expression of the mouse homologue of clk-1 (mclk1) in mouse tissues and in cultured cells. We find that the mCLK1 protein is mitochondrial in mammals but that * The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
§ Present address: The Jackson Laboratory, 600 Main St., Bar Harbor, ME 04609. the pattern of expression of mclk1 is unusual for a gene encoding a mitochondrial protein, as there appears to be a decoupling of mRNA and protein accumulation in some tissues. We also find that mCLK1 is imported into the mitochondrial matrix as a preprotein with an N-terminal mitochondrial targeting sequence. In contrast to Coq7p, which has been reported to be an integral membrane protein in yeast, we find that mature mCLK1 is only loosely associated with the inner membrane. Most surprisingly, we find that the import of mCLK1 into mitochondria does not require a membrane potential (⌬⌿). Furthermore, this property is conferred by sequences that are retained in the mature protein, as heterologous pre-sequences from proteins that do require ⌬⌿ are sufficient for ⌬⌿-independent import of mCLK1. To our knowledge, this is the only known case of presequence-dependent but ⌬⌿-independent import. We discuss the possible implication of these unusual features for the biological function of mclk1.
MATERIALS AND METHODS
Cell Lines-COS7 cells from ATCC were grown in high glucose Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum at 37°C under an atmosphere of 5% CO 2 and 95% air.
Construction of Plasmids-The polymerase chain reaction (PCR) was used to construct plasmids expressing mCLK1 starting either from the first or second ATG (pmclk1, ⌬-pmclk1). Specific primer pairs were used in each PCR as follows: SHP1504/1507 for pmclk1 and SHP1509/1507 for ⌬-pmclk1. Mega-primer PCR (18) was used for construction of the plasmid (OCT:CLK-1) expressing the rat OCT leader sequence with the mature part of mouse mCLK1 using primers SHP1568,1570,1571,1507, and for plasmid (mCLK1:DHFR) expressing the mouse mCLK1 leader sequence with DHFR, using primers SHP 1504,1626,1625,1622. The plasmid pBluesript-CLK-1 or psp64-PODHFR (expressing the OCT leader and DHFR) was used as a template. PCR products were subcloned into the eukaryotic expression vector pcDNA3.1/V 5 /TOPO or pcDNA3.1/CT-GFP-TOPO (Invitrogen Corp., Carlsbad, CA). The sequence of primers is available upon request.
Immunostaining-COS7 cells were seeded in 6-well tissue culture dishes containing a cover glass and transiently transfected with the plasmids pmclk1 and ⌬-pmclk1 using the Superfect reagent (Qiagen, Mississauga, Ontario, Canada) according to the manufacturer's instructions. After 48 h, the coverslips were incubated for 30 min in growth medium containing Mitotracker (Red CMXRos) to stain mitochondria. To visualize mCLK1, the cells were first fixed in 4% paraformaldehyde/ phosphate-buffered saline for 10 min, permeabilized in acetone for 3 min, and then incubated at room temperature with rabbit anti-mCLK1 polyclonal antibody (1:1000) for 1 h followed by biotinylated goat antirabbit IgG (1:5000) for 1 h. Finally the cells were incubated with fluorescein isothiocyanate-conjugated streptavidin (10 g/ml) for 30 min and viewed under a Leitz fluorescence microscope.
RNA Analysis-Tissues were collected from 3-month-old and 21-dayold Balb/c mice. Total RNA was isolated using the Trizol reagent (Life Technologies, Inc.). The RNA (10 g) was fractionated on a 1% agaroseformaldehyde gel prior to blotting on a Hybond Nϩ membrane (Amersham Pharmacia Biotech). The full-length mouse mclk1 cDNA was used as a probe. Probes for voltage-dependent anion channel isoform (mvdac6) and cytochrome c oxidase subunit I were isolated from IMAGE Consortium cDNA clones AI430965 and AI196228, respectively (Genome Systems, Inc). Hybridization was performed for 16 h at 65°C in 6ϫ SSC, 5ϫ Denhardt's, 0.5% SDS. Blots were then washed for 20 min each, twice with 3ϫ SSC, 0.1% SDS, and then twice with 1ϫ SSC, 0.1% SDS.
Generation of Antibodies against mCLK1-A 537-base pair fragment encoding a part of mCLK1 was generated by PCR (Mexp-1, GCGACC-CTCGAGATGACCTTAGACAATATTAACCGGGC, and Mexp-2, CGC-GGGATCCCTAAAACCTTTCTGATAAATATATGG). This fragment was cloned behind the isopropyl-1-thio-␤-D-galactopyranoside-inducible T7 promoter in the BamHI-NdeI sites of the pET16b expression vector (Novagen). This creates an mCLK1 fusion protein with 10 histidine residues at its N terminus. The protein was overexpression in the E. coli BL12(DE3) strain and purified by chromatography on Ni 2ϩ -NTAagarose and injected into New Zealand White rabbits with Freund's incomplete adjuvant.
Western Blotting of Mouse Tissues-Tissues collected from a 3-month-old Balb/c mouse were sonicated in phosphate-buffered saline containing protease inhibitors and 1.5% lauryl maltoside. After 30 min at room temperature, the samples were centrifuged for 20 min at 16,600 ϫ g, and the supernatants were saved. The protein concentration was measured by the Bradford procedure (Bio-Rad), with reference to bovine serum albumin as a standard. Equal amounts (10 g) of protein were separated on a 13% SDS-PAGE gel, blotted on a Hybond-P membrane (Amersham Pharmacia Biotech), and probed with antibodies (anti-mCLK1 rabbit serum MG15, dilution 1:1000). Bands were visualized using a chemifluorescence kit (ECF, Amersham Pharmacia Biotech). Monoclonal antibodies against cytochrome oxidase subunit I (1D6-E1-A8, Molecular Probes) and human porin 31HL (Calbiochem) were used as controls.
Subfractionation of Purified Mitochondria and Localization of mCLK1-Mitochondria from mouse heart and liver were isolated by differential centrifugation as described (19) except that the tissues were homogenized using a motor-driven glass-Teflon mortar and pestle for 10 strokes at 1000 rpm (heart) or at 500 rpm for 2-4 stokes (liver). To separate inner and outer mitochondrial membranes we used either digitonin or hypotonic swelling. Fresh liver mitochondria were treated with digitonin (1.2%) as described (20) . Briefly, liver mitochondria suspended in isolation medium (70 mM sucrose, 220 mM mannitol, 2.0 mM HEPES, 0.5 mg/ml bovine serum albumin, pH 7.4) were mixed with an equal volume of digitonin buffer (1.2%) at 0°C for 15 min. The mixture was centrifuged for 15 min at 1900 ϫ g, and the first fraction containing mitoplasts and mitochondria with unbroken outer membranes was recovered. Finally, the outer membrane-rich fraction was recovered after centrifugation of the above supernatant at 35,000 ϫ g for 20 min. The final supernatant contained the intermembrane space. The different fractions were analyzed by Western blot analysis.
To separate the mitochondrial membranes by osmotic disruption, the outer membrane of fresh heart mitochondria was partially broken by hypotonic swelling in 20 mM phosphate buffer, pH 7.2, 0.02% bovine serum albumin at 0°C for 20 min (21) . The mitoplasts and unbroken outer membrane fraction was first pelleted by centrifugation at 1900 ϫ g for 15 min. The supernatant was sedimented by spinning at 35,000 ϫ g for 20 min to recover outer membranes. The different fractions were analyzed by Western blot analysis.
To investigate the association of mCLK1 with the mitochondrial inner membrane, mitochondria (50 g of protein, Bradford Bio-Rad protein assay) were treated with sodium carbonate (22) or Triton X-114 (23) as described.
Proteins (12.5 g of mitochondrial protein) were separated by 12% SDS-PAGE and electrotransferred for 60 min onto nitrocellulose membranes (Hybond-C; Amersham Pharmacia Biotech). The blots were first incubated with the following primary antibodies: rabbit anti-mCLK1, rabbit anti-human 70-kDa subunit of complex II (succinate dehydrogenase) (0.1 g/ml, a kind gift of Dr. R. Capaldi, University of Oregon), mouse anti-porin or mouse anti-COX1, respectively, for 1 h at room temperature followed by another incubation with corresponding second antibody goat against rabbit IgG or mouse IgG for 1 h at room temperature, and the specific bands were detected by ECL (Amersham Pharmacia Biotech).
Mitochondrial Import Assays-Precursor proteins were synthesized by in vitro transcription and translation using the TNT-coupled reticulocyte lysate system (Promega) and the relevant construct in the presence of [ 35 S]methionine. The mitochondrial import assay was performed as described (19) except that mitochondria for the import assay were isolated from mouse heart or liver. Each import reaction contained 25 g of mitochondrial protein (1 g/l in cMRM, 0.25 sucrose, 10 mM HEPES, 1 mM ATP, 5 mM sodium succinate, 0.08 mM ADP, 2 mM K 2 HPO 4 , 1 mM dithiothreitol) and 10% (v/v) in vitro translation products and 20 l of import buffer KMH (10 mM HEPES, 80 mM KCl, 2 mM MgOAc) in a total volume of 50 l. The reactions were performed at 30°C for 1 h in the absence or presence of 1 M carbonyl cyanide m-chlorophenylhydrazone (CCCP) or 1 M valinomycin. In a series of control experiments not shown, concentrations of CCCP up to 50 M were also used, with identical results. To test the protease resistance of the imported protein, part of post-import reaction mixture was incubated with different concentrations of proteinase K at 0°C for 20 min followed by another incubation with 2 mM phenylmethylsulfonyl fluoride at 0°C for 20 min. To confirm the processed mCLK1 protein was inside mitochondria following the import reaction and that the protein was protease-sensitive, mitochondria were disrupted with 1% Nonidet P-40 before digestion with proteinase K in some experiments.
The mitochondrial fraction was isolated by centrifugation through a sucrose cushion (0.25 M sucrose, 10 mM HEPES, pH 7.5), and all samples were subjected to SDS-PAGE. The imported proteins were analyzed by fluorography, and the endogenous markers were analyzed by immunoblotting. To determine whether mCLK1 protein imported with or without a membrane potential behaved like endogenous mCLK1, and to rule out an effect of the import assay itself on the behavior of mCLK1, the sensitivity of mCLK1 to protease digestion was compared with that of COX1 and porin in mitochondria that had or had not been used in the in vitro import assay. To test whether imported mCLK1 was targeted to a peripheral position on the inner mitochondrial membrane, mitochondria re-isolated after in vitro import were extracted with 0.1 N sodium carbonate as above and analyzed by Western blot analysis.
RESULTS

Mouse mCLK1 Is a Mitochondrial Protein-The mclk1
cDNA has an open reading frame coding for a protein of 217 amino acids with calculated molecular mass of 24,044 Da (Fig. 1A) . The starting methionine is followed by a sequence that resembles a classical N-terminal targeting sequence for mitochondrial import. The similarity between the mammalian protein and any of its homologues starts only after a second ATG, which is 39 amino acids downstream in the predicted protein (Fig. 1A) . Furthermore, both possible mammalian proteins are predicted to be imported into the mitochondria by two different prediction programs (MitoProt, www.mips.biochem.mpg.de/ cgi-bin/proj/medgen/mitofilter, and Psort II, psort.nibb.ac.jp/). By using an antiserum raised against mCLK1 (see "Materials and Methods"), we find that mCLK1 co-fractionates with mitochondria from mouse liver (Fig. 1B) .
Expression Pattern of mCLK1-We used Northern analysis to quantify the expression of mclk1, and we compared the pattern of expression to that of two genes coding for mitochondrial proteins as follows: mvdac6 that codes for porin, a protein of the outer membrane that provides a good measure of the abundance of mitochondria in a given tissue; and cox1, a subunit of the respiratory complex IV that is encoded by the mitochondrial genome and should give a good measure of the capacity for oxidative phosphorylation in a given tissue ( Fig.  2A) . mclk1 mRNA was detected in all tissues analyzed in adult mice as a single molecular species of ϳ0.9 kilobase pairs. The highest levels were present in heart, skeletal muscle, kidney, and nervous system, whereas lower levels of mclk1 mRNA were found in liver and gut. mclk-1 mRNA was also detected in mouse ES cells and in embryos at E7, E11, E15, and E17 (data not shown). The pattern of mclk1 in adult mouse tissues was most similar to that of cox1.
In contrast, Western blot analysis showed that the pattern of accumulation of mCLK1 protein in mitochondria was distinct from those of both porin and COX1 (Fig. 2B) . Relative to other tissues, mCLK1 appears substantially more abundant in the gut and much less abundant in the nervous system (cerebellum). This suggests that some of the differences in the abundance of mCLK1 between tissues is the result of post-transcriptional mechanisms. It furthermore suggests that the function of mCLK1 in a given tissue is not stoichiometrically linked to either the intensity of respiration or the abundance of mitochondria per se. The First ATG Is the Initiator Codon of mclk1-To identify the bona fide initiator codon of mclk1, two plasmids (pmclk1 and ⌬-pmclk1), capable of expressing proteins starting at the first or second ATG of the open reading frame (see "Materials and Methods"), were constructed and transiently expressed in COS7 cells. The transfected COS7 cells were also examined by immunocytochemistry. They were first labeled with Mitotracker Red CMXRos, a dye that is specifically taken up by mitochondria, and then immunostained with anti-mCLK1 antiserum. Punctate immunofluorescence in the cells expressing pmclk1 (Fig. 3a) completely overlaps with the Mitotracker fluorescence (Fig. 3, b and c) . On the other hand, cells that express ⌬-pmclk1 display specific fluorescence throughout the cell cytoplasm (Fig. 3, d-f) , not specifically located in mitochondria. These observations indicate that the first in-frame ATG is the predominant initiator codon in vivo.
Mouse CLK-1 Is a Peripheral, Amphiphilic Inner Membrane Protein-To determine the submitochondrial location of mCLK1, purified mitochondria were treated with the detergent Triton X-114 (Fig. 4B) or alkaline Na 2 CO 3 (Fig. 4C) . After phase separation in Triton X-114, amphiphilic proteins are partitioned into the detergent phase, and hydrophilic proteins are partitioned into the aqueous phase. mCLK1 appears to be an amphiphilic protein since it partitions into the detergent phase in a manner similar to porin, a known amphiphilic protein (Fig. 4B) . The behavior of mCLK1 is different from that of succinate dehydrogenase (70-kDa subunit), an enzyme known to be found in both the detergent and aqueous fractions (Fig. 4B) . On the other hand, mCLK1 can be extracted by Na 2 CO 3 and is only detected in the supernatant fraction after Na 2 CO 3 treatment, indicating the mCLK1 is a peripheral membrane protein and not an integral membrane protein as are porin or COX1 (Fig. 4C) . mCLK1 behaves like succinate dehydrogenase in being easily separated from the membrane by Na 2 CO 3 . To localize mCLK1 further, purified mitochondria were treated with digitonin to partially break the outer membrane (Fig. 4A) . The mCLK1 is entirely absent in a fraction enriched in outer membrane but is present in a fraction containing mitoplasts. Although the mitoplast fraction is contaminated with some outer membrane (as it contains porin), the pattern of fractionation of mCLK1 is identical to that of COX1, an inner membrane protein.
To determine whether mCLK1 is associated with the inner or the outer leaflet of the inner membrane, mitochondria were incubated with different concentrations of proteinase K (Fig. 5,  A and B) . The accessibility of the intermembrane space to the protease was assessed by measuring the resistance to digestion of COX1 (an integral inner membrane protein with several transmembrane segments linked by loops facing the intermembrane space). COX1 was accessible to protease digestion, even at relatively low concentrations of proteinase K, whereas mCLK1 remained fully protease-resistant even at the highest concentration of protease. Similar protection was observed for porin, which is fully embedded in the outer membrane, and thus protected. From these results, we conclude that mCLK1 is a peripheral membrane protein, located on the matrix side of the inner membrane.
mCLK1 Can Be Imported into Mitochondria without a Membrane Potential-To analyze further the targeting and proteolytic processing of mCLK1, we performed in vitro mitochondrial import assays (Figs. 5 and 6 ). In vitro transcription and translation of an mclk1 cDNA using a reticulocyte lysate preparation directed the synthesis of a protein of about 24 kDa (see also "Materials and Methods"). Incubation of the translation products with freshly prepared energized mitochondria resulted in the appearance of a second protein band (of ϳ20 kDa) in addition to the band corresponding to the precursor protein ( Fig. 5 and Fig. 6A ). The size of the processed protein suggests that an N-terminal mitochondrial targeting sequence (35 amino acids for mCLK1 as predicted by MitoProt II) has been removed. That the 20-kDa protein had been imported into the mitochondria was confirmed by digestion with proteinase K (Fig. 6A) . Even high concentrations of proteinase could not digest imported mCLK1 (Fig. 5A) . However, this was not due to some unexpected resistance to digestion by mCLK1, as both in vitro translated and native mCLK1 are fully digested when membranes are disrupted with a detergent (Fig. 5A) .
Surprisingly, the import and proteolytic processing of mCLK1 protein could not be inhibited by either CCCP or valinomycin (Fig. 5, A-D, and Fig. 6A ), two common uncouplers used to collapse the mitochondrial membrane potential (⌬⌿). Concentrations of CCCP up to 50 M were used without effect on the import (data not shown). The import of mCLK1, however, requires ATP, as import was inhibited when ATP was removed from the mitochondrial preparation by treatment with apyrase (data not shown).
We performed a number of control experiment to determine that mCLK1 imported in vitro (with or without a membrane potential) was indeed behaving in a way that reflects the properties of native mCLK1. We first determined that the accessibility to digestion of different compartments of the mitochondria was not altered by the experimental protocol for in vitro import (Fig. 5B ). An in vitro import experiment was performed, and half of the mitochondria were analyzed by autoradiography and half by Western blotting. The results were identical to those shown in Fig. 5A , with COX1 and the mCLK1 precursor accessible to protease, but porin and processed mCLK1 protected from digestion. Furthermore, these properties were unchanged in the presence or absence of CCCP. These findings indicate that when mCLK1 is imported in vitro without a membrane potential it is either fully embedded in a membrane or is located inside the mitochondrial inner membrane. To differentiate between these two possibilities, we extracted radiolabeled mCLK1 with sodium carbonate after in vitro import (Fig. 5C) , a method that does not extract integral membrane FIG. 4 . Submitochondrial localization of mCLK1. A, mitochondrial outer membranes were disrupted by digitonin (Liver) or hypotonic swelling (Heart) to create fractions enriched in mitoplasts or outer membranes. Western blot analysis using antibodies against COX1, Porin, and mCLK1 shows that mCLK1 fractionates with the inner mitochondrial membrane protein COX1. B, isolated mitochondria were extracted in Triton X-114, and the detergent and aqueous phases were separated. Western blot analysis shows that all of the mCLK1 partitions with the detergent phase. C, extraction of isolated mitochondria with alkaline sodium carbonate showing that mCLK1 is not an integral membrane protein.
FIG. 5. In vitro import and characterization of mCLK1.
A, isolated mitochondria were subjected to Western blot analysis (top panel) after treatment with Nonidet P-40 or proteinase K or used in an mCLK1 in vitro import assay (bottom panel). Endogenous mCLK1 protein is resistant to proteinase K digestion under conditions in which COX1 is digested but is completely digested after pretreatment of the mitochondria with Nonidet P-40. Import and processing of in vitro translated, [
35 S]methionine-labeled mCLK1 precursor protein occurs in the presence or absence of CCCP, and the mature protein is resistant to proteinase K digestion. Pretreatment of mitochondria with Nonidet P-40 results in complete digestion of both the labeled precursor and mature proteins. B, isolated mitochondria were used in an in vitro import assay, and the same samples were subjected to Western blot analysis. The results are virtually identical to those in A, showing that the import assay itself does not change the properties of either mCLK1 or the control mitochondrial membrane proteins, Porin and COX1. C, extraction of in vitro imported mCLK1 by alkaline sodium carbonate. [
35 S]Methionine-labeled mCLK1, imported in the presence or absence of a membrane potential, is extracted by alkaline sodium carbonate demonstrating that it is a peripheral membrane protein. D, Western blot analysis (lower panel) of mCLK1 imported in the absence of a membrane potential showing that all of the immunodetectable mCLK1 is extracted by sodium carbonate and that the properties of mCLK1 or control proteins are not altered by the import assay itself.
proteins from the insoluble fraction. In vitro imported mCLK1 was solubilized by sodium carbonate whether imported in the presence of a membrane potential or not. As before we examined whether the properties of the mitochondrial membranes were altered by the in vitro import experimental conditions, and we found that native mCLK1, porin, and COX1 behaved as expected, that is mCLK1 is solubilized by sodium carbonate but porin and COX1 remain with the membrane fraction (Fig. 5D) . Taken together, these findings indicate that mCLK1 can be imported into mitochondria without requiring a membrane potential. Strikingly, there is no other example of a protein with an N-terminal processed leader sequence that is imported in this way.
Sequences within the Mature mCLK1 Are Responsible for ⌬⌿-independent Import-To characterize the signals in the mCLK1 precursor protein that contribute to the ⌬⌿-independent import, two chimeric reporter genes (mclk1:dhfr and oct: mclk1), encoding in one case the presequence or mature mCLK1 combined with dihydrofolate reductase (DHFR) and in the other case the well characterized leader sequence of preornithine carbamyltransferase (OCT) upstream of the mature mCLK1 protein, were constructed and used in import assays (Fig. 6) . As expected, the OCT leader is capable of mediating mitochondrial import of DHFR (oct:dhfr) but requires a membrane potential (Fig. 6C) . The chimeric protein in which the OCT leader (32 amino acids) is followed by mCLK1 (amino acids 36 -187 of the open reading frame) was also efficiently imported but could not be blocked by addition of either CCCP or valinomycin (Fig. 6B) . In contrast, the mCLK1 leader did not support strong import of the passenger protein DHFR nor could it import DHFR without a membrane potential (Fig. 5D) . Similar results were obtained with GFP as a passenger protein (data not shown). These experiments indicate that the mature part of mCLK1 contains the main signals that permit ⌬⌿-independent import.
DISCUSSION
mCLK1 Is an Inner Mitochondrial Membrane Protein-The evidence we present here demonstrates that mCLK1 is a mitochondrial protein. First, it contains a classical N-terminal mitochondrial targeting sequence. Second, it co-fractionates with mitochondria in subcellular fractionation studies and colocalizes with a mitochondrial marker when expressed in COS7 cells ( Fig. 1 and 3) . Finally, it is imported into the mitochondrial matrix in vitro and processed to its mature form by cleavage of the presequence (Figs. 5 and 6 ). These findings are consistent with those in other organisms; an epitope-tagged version of Coq7p, the yeast mCLK1 homologue, has been found to co-fractionate with mitochondrial markers (11) , and in worms, a CLK-1::GFP fusion protein has been found to colocalize with the mitochondrial specific dye 6G-rhodamine (16) . mCLK1 appears to be associated peripherally with the inner mitochondrial membrane on the matrix side. It partitions with the detergent phase after extraction with Triton X-114, is resistant to protease digestion under conditions that completely digest COX1 (an integral inner membrane protein), and can be extracted from the membrane by alkaline sodium carbonate treatment. This contrasts with the yeast homologue Coq7p, which behaves like an integral membrane protein in that it cannot be extracted with sodium carbonate (11) . Coq7p possesses a long N-terminal extension of ϳ90 amino acids with no homology to the other members of the CLK-1 family of proteins. Although this extension might act as an additional anchor to the membrane, it is not predicted to contain a transmembrane segment. Possibly, the N-terminal extension mediates attachment to the membrane via covalent attachment to a membrane lipid or tight interaction with an integral membrane protein.
mCLK1 Is Broadly Expressed in Mice with Tissue-specific Patterns of Synthesis-We find that mclk1 is ubiquitously expressed in mouse tissues, with relatively high abundance of mRNA and protein (Fig. 2) . The pattern of mRNA accumulation in different tissues resembles that of other genes coding for mitochondrial proteins, including a nuclear gene (mvdac6) that expresses an outer membrane protein (porin) and a mitochondrial gene (cox1) that codes for an inner membrane protein of the respiratory chain. In contrast, the pattern of protein accumulation of mCLK1 is very different from those of both porin and COX1. In particular, steady-state levels of mCLK1 are FIG. 6 . Import of mCLK1 precursor protein and chimeric constructs containing the mature MCLK1 protein or the mCLK1 leader sequence into mitochondria. A, radiolabeled mCLK1 precursor protein was synthesized in vitro in the presence of [
35 S]methionine and imported into isolated mouse heart mitochondria in the presence or absence of a membrane potential. The membrane potential was collapsed with 1 M CCCP or 1 M valinomycin. The absence of a membrane potential has no apparent effect on import and processing of the mCLK1 precursor protein. B, mitochondrial import of the OCT:mCLK1 precursor protein showing that the mature part of CLK-1 is sufficient to confer ⌬⌿-independent import. C, mitochondrial import assay of the control OCT:DHFR precursor protein showing that import requires an intact ⌬⌿. D, mitochondrial import assay of the mCLK1:DHFR fusion protein showing very inefficient ⌬⌿-dependent import of a the DHFR passenger protein with the mCLK1 leader sequence. Increasing concentrations of proteinase K were used to ascertain which lower molecular species are truly protected from digestion and thus likely located in the mitochondria.
relatively high in the gut and relatively low in the cerebellum. Other neural tissues exhibit a pattern similar to that in the cerebellum (data not shown). This indicates that the abundance of mCLK1 does not correlate with either total mitochondrial volume (of which the abundance of porin is a good measure) nor with the quantity of inner membrane or the capacity for oxidative phosphorylation (of which the abundance of COX1 is a good measure). These observations suggest that the regulation of mclk1 expression involves specific post-transcriptional mechanisms. Furthermore, it suggests that the abundance of mCLK1 confers a property to mitochondria that differs between tissues.
The First ATG Is the Bona Fide Initiator Codon of mCLK1-The mclk1 cDNAs shows two in-frame ATG start codons. Both possible proteins are predicted to be mitochondrially targeted, and the sequence similarity between mCLK1 and proteins in other organisms starts only after the second encoded methionine. We find that only the longer protein is efficiently imported into mitochondria in vivo and in vitro. Most of the sequence between the two ATGs is cleaved off after import, and the mature protein (ϳ20 kDa) is ϳ35 amino acids shorter than the primary translation product (ϳ24 kDa). A previous report (24) also concluded that the first ATG was used as the initiator codon. However, these investigators observed the accumulation of an uncleaved product after transfection of COS7 cells with an epitope (FLAG)-tagged version of human CLK-1. It is unclear at this time why they did not observe mitochondrial import and processing.
Some of the short protein starting from the second in-frame ATG also gains access to the mitochondria in addition to being distributed throughout the cell (Fig. 3) . Similar observations have been reported previously. For example, the import of cytochrome oxidase subunit Va (coxVa) can be prevented by removal of the N-terminal targeting sequence, but import can be restored by overexpression of the presequence-deficient COXVa protein (25) . This suggested that COXVa contains a second, weak, internal targeting signal that normally does not play a role but can be recruited to mediate import when the N-terminal target sequence is deleted.
mCLK1 Is Imported by a Mechanism That Does Not Require ⌬⌿-One of the most interesting findings of our study is that mCLK1 does not require a mitochondrial membrane potential to be imported into intact mitochondria. We used both valinomycin and CCCP, the latter at concentrations up to 50 M, to affect the import of mCLK1. It has been reported that relatively high concentrations of CCCP are needed to completely block import of all preproteins (26) . Although we cannot be sure that we have completely collapsed the ⌬⌿ under the conditions of our experiment, we did not observe any evidence of import of a control protein (OCT::DHFR) in uncoupled mitochondria under conditions that supported import of mCLK1 at levels indistinguishable from that in control energized mitochondria. These results demonstrate that the import of mCLK1 is in fact independent of ⌬⌿.
Two roles for the membrane potential in mitochondrial protein import have been suggested (27) as follows: (a) a gating effect on a membrane component(s) leading to opening and closing of a preprotein-conducting pore consisting of Tim23 and Tim17 (28) , and (b) exertion of an electrophoretic force on the positively charged presequences leading to inward movement. mCLK1 requires a positively charged pre-sequence (Fig. 3) and ATP for import (data not shown), but the mCLK1 pre-sequence is not sufficient for ⌬⌿-independent import of a passenger protein (DHFR) (Fig. 6) . It is likely then that the mCLK1 pre-sequence, like other pre-sequences, is necessary to dock on the TOM complex and to allow the TOM and TIM complexes to interact (29, 30) . In cases studied previously, binding of the pre-sequence to the TIM complex leads to the ⌬⌿-dependent opening of the protein-conducting channel of the TIM23 complex and translocation of the pre-sequence across the inner membrane. Perhaps the simplest interpretation of our findings is that the mature part of mCLK1 contains sequences that can open the protein-conduction channel of the inner membrane.
To our knowledge there are no examples of mitochondrially targeted proteins with cleavable presequences whose import into the matrix is ⌬⌿-independent. Import into the matrix of two proteins, Mtf1p, a yeast mitochondrial transcription factor (31) , and c-ErbAa1, a mitochondrial form of a vertebrate nuclear triiodothyronine receptor (32) , have been reported to occur in the absence of a ⌬⌿. However, both proteins not only lack a cleavable leader sequence, they also do not require ATP or an outer membrane for import. The N-terminal part of Mtf1p contains the targeting signal, but the mechanism of import of both proteins remains unknown.
One interesting question is whether the particular import properties of mCLK1 are necessary for it to carry out its biological function. It is not known at present whether the homologues of mCLK1 in yeast and worms are also capable of ⌬⌿-independent import. However, it is interesting to briefly speculate as to whether this property could be relevant to what is known about the biological function of coq7 and clk-1. In yeast, cells that are growing on glucose cannot switch their metabolism to non-fermentative growth in the absence of Coq7p. This protein might be used therefore for "turning on" respiration in poorly energized mitochondria, with the import of Coq7p into mitochondria being facilitated by its ⌬⌿ independence. In worms, clk-1 mutants display a maternal effect, i.e. it is sufficient that a wild type copy of clk-1 be present in a mother for her homozygous mutant progeny to be fully wild type, despite a 1000-fold increase in size during development. The activity status of mitochondria in worm oocytes is not known. However, oocytes are arrested in meiosis and inactive. Mitochondria might need to be "turned on" at the initiation of development. An action of CLK-1 in such a process could be facilitated by ⌬⌿ independence and could explain the maternal effect; once mitochondria are activated, subsequent mitochondrial biogenesis does not require the continuing presence of CLK-1.
These scenarios are highly speculative but can be tested. In the future, we will need to establish if CLK-1/Coq7p import is also ⌬⌿-independent in yeast and worms, and where and when these proteins are synthesized and imported into mitochondria.
